White adipose tissue (WAT) mass is the main determinant of obesity and associated health risks. WAT expansion results from increases in white adipocyte cell number and size, which in turn reflect a series of shifts in the cellular metabolic state. To quantitatively profile the metabolic alterations occurring during de novo adipocyte formation, metabolic flux analysis (MFA) was used in conjunction with a novel modularity analysis algorithm on differentiating 3T3-L1 preadipocytes. Use of a type I collagen gel as an effective long-term culture substrate was also assessed. The calculated flux distributions predicted the sequential activation of several intracellular, cross-compartmental pathways, including lipogenesis, the pentose phosphate pathway, and the malate cycle, in good agreement with earlier isotopic tracer experiments and gene profiling studies. Partition of the adipocyte metabolic network into highly interacting reaction sub-groups suggested a functional reorganization of the major pathways consistent with the lipid-loading phenotype of the adipocyte. Flux and modularity analysis results together point to the flux distribution around pyruvate as a key indicator of adipocyte lipid accumulation.
Introduction
As a chronic condition, obesity increases the risk for many diseases, including diabetes and some forms of cancer (48). The effects of dietary therapies are mostly reversible, and less than 10 % of those who lose weight are able to maintain the weight loss (4) . With few drugs (2 as of 2005, (32)) approved for long-term treatment, there is a pressing need to develop additional, alternative therapeutics or therapies. Solid epidemiological data support the pivotal role of body fat (white adipose tissue, WAT) mass in the development of the obesity-related risk factors. Adiposity involves increases in both fat cell size (hypertrophy) and number (hyperplasia) (1) , where hypertrophy usually precedes hyperplasia in a cyclical manner (11, 19, 20) . Hypertrophy occurs through lipid accumulation, and directly relates to the primary metabolic function of the WAT. As mature adipocytes generally do not divide, hyperplasia involves the formation of new adipocytes, or adipogenesis, via the recruitment and differentiation of locally present precursor cells.
In recent years, it has become clear that the WAT acts not only as a storage depot, but actively regulates its own as well as whole body metabolism through paracrine and endocrine mediators (36, 41) . In this light, one approach to controlling adiposity could be to target metabolic processes that are directly tied to adipogenesis and lipid accumulation. This approach requires a systematic investigation of WAT-specific metabolism, preferably in isolation from confounding systemic influences. In this work, we characterized the metabolism of adipocytes derived from the 3T3-L1 cell line, which is widely used to study in vitro adipogenesis. Recently, gene chip analyses have been performed to globally characterize transcription-level changes of adipocyte differentiation (40). Less work has been done to comprehensively profile metabolic activity changes, which take place not only during early differentiation, but also throughout the ensuing stages of hypertrophic growth (25). The goal of this study was to address this knowledge gap. As this study required a stable experimental setting for long-term culture, we have also examined the use of type I collagen gel as a culture substrate. Although standard treated tissue culture plastic (TCP) yields satisfactory differentiation outcomes, its ability to anchor lipid-filled adipocytes and thus prevent cell loss is limited. Experiences with other anchorage dependent cells suggest that an extracellular matrix (ECM) may improve adhesion as well other differentiated cell functions, but little data is available on the metabolic effects. Our results showed that the flux distribution of the adipocyte metabolic network continues to adjust well after terminal differentiation has occurred. The major effect of the collagen gel was to enhance differentiation-related metabolic activities, while inhibiting preadipocyte proliferation.
Methods
Materials -3T3-L1 preadipocytes were obtained from ATCC (Manassas, VA). Tissue culture reagents including DMEM (high-glucose; 4.5 g/L), FCS, FBS, human insulin, and penicillin/streptomycin were purchased from Invitrogen (Carlsbad, CA). Type I rat tail collagen was purchased from Roche Applied Science (Indianapolis, IN). Unless otherwise noted, all other chemicals were purchased from Sigma (St. Louis, MO).
Cell culture and differentiation -3T3-L1 preadipocytes were first expanded in T-75 flasks with a standard growth medium (DMEM with 10% FCS), passed once, and randomly divided into two groups. One group was seeded in 12-well TCP plates. The other group was seeded in 12-well plates whose wells had been coated with a collagen gel layer. The collagen gel mixture consisted of type I rat tail collagen (1.2 mg/ml in 1 mM HCl), 10× DMEM, and 75 mg/ml NaHCO 3 at a volume ratio of 8.5:1:0.5, respectively. Each well was coated with 0.5 ml of this mixture, which was allowed to gel at 37 ºC for 90 min. The seeding density was 2×10 4 cells/well for both the TCP and collagen gel cultures. Differentiation was induced by exposing cultures to DMEM supplemented with 10 % FBS and an adipogenic cocktail consisting of 1 µg/ml insulin, 0.5 mM IBMX, and 1 µM dexamethasone (DEX). On day 2, the induction medium was replaced with a second medium without IBMX and DEX. On day 4, the second induction medium was replaced with a basal maintenance medium consisting of DMEM and FBS. This basal medium was replenished every other day during the remainder of the culture experiments.
Microscopy -At the indicated time points, cellular morphology was recorded using phasecontrast microscopy (Nikon-US, Melville, NY). Intracellular lipid droplets were visualized by staining with Oil Red O (16). (GPDH) enzyme activity and leptin -GPDH (EC 1.1.1.8) activities were measured in situ (39) by monitoring the rate of change of NADH absorbance at 340 nm. Leptin was measured on spent medium samples by ELISA (DuoSet System, R&D Systems, Minneapolis, MN).
Glycerol-3-phosphate dehydrogenase
Metabolite assays -Metabolite measurements were performed on cell lysates and spent medium samples. Cells cultured on the collagen gel were first released by collagenase (aqueous solution, 0.1 % w/v) treatment. Cell were then lysed in situ with an 0.1 % SDS buffer and briefly sonicated. Immediately after collection, the spent medium samples were cleaned of cell debris by a brief centrifugation step. Triglyceride (TG) levels were measured using an assay kit (Sigma) that is based on the release of glycerol from TG by lipoprotein lipase (LPL). Free glycerol (unbound to TG) was measured by substituting water for the LPL in the assay reagent mixture. Free fatty acids (FFA) were measured using an assay kit (Roche Applied Science) that is based on the enzymatic conversion of FFA into acyl-CoA. Glucose and lactate concentrations were measured using enzymatic assays based on the methods of Trinder (43) and Loomis (28), respectively. Concentrations of -hydroxybutyrate and acetoacetate were determined using the method of Olsen (35) by monitoring, respectively, the production or consumption of NADH in a reaction with -hydroxybutyrate dehydrogenase. Amino acids were quantified by HPLC using fluorescence-based detection following pre-column derivatization of primary or secondary amines with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (8) . All metabolite data were normalized by the corresponding cell sample DNA content, which was determined with a fluorescence-based assay using the Hoechst dye.
Stoichiometric model -A stoichiometric model of adipocyte central carbon metabolism was constructed as follows. First, mouse specific lists of enzyme-mediated reactions were collected from an annotated genome database (29). Second, stoichiometric information was added for each of the collected enzymes by cross-referencing their common names and enzyme commission names (21). Third, biochemistry textbooks (27, 42) and the published literature (12) were consulted to eliminate enzymes thought to be inactive in the fed state. Finally, the following assumptions were applied: (i) glycogen synthesis is negligible (22); (ii) fatty acid oxidation is small compared to both lipogenesis and lipolysis (47); (iii) the pentose phosphate pathway (PPP) is operating in the oxidative mode (6); (iv) net protein synthesis is small compared to metabolic fluxes (17) . The stoichiometric model was rendered into a compound, directed graph, visualized using the Bioinformatics toolbox of MATLAB (MathWorks, Natick, MA), and corrected for missing steps and nonsensical dead ends. Reversible reactions flanked by irreversible reactions were assigned directionality so as to ensure unidirectional metabolic flux between the flanking reactions. The final adipocyte model consisted of the following pathways: anaplerosis, glycolysis, glycerogenesis, ketone body synthesis, lipogenesis, lipolysis, the malate cycle, the PPP, and the tricarboxylic acid (TCA) cycle (Table S1 ).
Flux analysis -Intracellular fluxes were estimated by solving a constrained non-linear optimization problem as described previously (34):
Min:
(ii) where the objective is to minimize the sum squared error between experimentally observed and calculated exchange fluxes. Equation (i) expresses the balances around intracellular metabolites using an M×N stoichiometric matrix S and an N×1 steady-state flux distribution vector v. Inequality (ii) expresses constraints derived from the Gibbs free energy change ( G) form of the Second Law.
Network partition -Reaction clusters reflecting significant metabolic modules were characterized using an algorithm for top-down partition of directed and weighted graphs (50). The algorithm iteratively applies the following two steps until all edges in the graph have been removed:
Step 1 -Shortest, weighted paths through the network are calculated using Dijkstra's algorithm (9) . Edge-weights were assigned such that the length of an edge was inversely proportional to the corresponding reaction flux.
Step 2 -The edge-betweenness centrality index is calculated for all edges, and the edge with the highest index value is removed. This index measures how frequently an edge lies on the shortest paths between all pairs of vertices. It has been shown that the edges with highest betweenness values are most likely to lie between subgraphs, rather than inside a sub-graph (33). Successively removing edges with the highest edgebetweenness values should eventually isolate sub-graphs consisting of vertices that share connections only with other vertices in the same sub-graph.
Module scoring -We applied a pair of projection-based scoring metrics to guide in the selection of a partition that best reflects the underlying modularity of the network for a given set of edgeweights (i.e. flux distribution). Details of the scoring algorithm have been presented elsewhere (51). Each sub-graph of a partition was represented by a 1×R binary reaction composition vector (RCV), where R is the total number of reactions included in the stoichiometric model. An element was set to one if both the reactants and products of the corresponding reaction were present as nodes in the module; otherwise, it was set to zero. Each RCV was projected onto a pathway space defined by the elementary flux modes (EFMs) (37) of the parent network. Our goal was to assess the reaction composition of a sub-graph, or 'module.' Thus, each EFM was also formatted as a 1×R binary pathway inventory vector (PIV) by replacing all non-zero entries with one. A projection score was computed for every pair-wise combination of RCV and PIV:
RCV , and k i N are, respectively, the projection score, reaction composition vector, and number of nodes in module i at iteration k; k L is the number of modules at k; j PIV is the jth PIV, and m is the total number of EFMs. The overall projection score of an iteration k was calculated by averaging the 'best match' projection scores of this iteration:
In cases where the projection score identified more than one 'best match' PIV for a given subgraph, a 1×R consensus pathway fragment (CPF) vector was calculated by identifying the reactions conserved across every best match PIV. The similarity between a sub-graph and its CPF was assessed by the match score: RCV and the corresponding CPF. A mismatch occurs if a reaction is found in the module, but not the fragment vector or if a reaction is found in the fragment, but not the module vector. The overall match score of an iteration was calculated by averaging the individual module match scores:
Statistics -Comparisons between two experimental groups were performed using one-way ANOVA. Group means were deemed to be statistically significantly different when p < 0.01.
Results
Cell proliferation and differentiation -Intracellular lipid droplets first became visible on day 4 post-induction. Round and lipid-filled adipocytes appeared by day 8 (Figure 1 ). The number of cells, as measured by its DNA content, continued to vary throughout the course of differentiation for both the TCP and collagen cultures ( Figure 3A) , suggesting that additional rounds of clonal expansion took place after the addition of the induction cocktail. Cell proliferation was most active during the first 4 days. During this period, a 3-fold increase was observed for both TCP and collagen cultures. The DNA contents were consistently less on the collagen gel across all time points, presumably because the proliferation rate was slower during the preadipocyte expansion. Although the seeding density was the same, the DNA content at the time of induction (day 0) was 56% less on collagen. After reaching a peak (day 4 for TCP and day 8 for collagen culture), culture sizes slightly decreased (ca. 14~15%) by the next time point, and remained stable thereafter. Prior reports have noted a similar decrease, and attributed this to cell detachment during medium change (38). Motivated by these findings, all metabolite measurements in this study were normalized by the DNA content of the corresponding cell sample.
Adipogenic differentiation was assessed by GPDH activity ( Figure 2A ) and leptin secretion ( Figure 2B ). Enzyme activities for the TCP cultures were first normalized by total protein for quantitative comparisons against published data. We found that GPDH activity increased significantly from 0.01 to 0.29 mU/µg-protein between days 4 and 12, showing good agreement with the literature (38). The effect of the culture substrate was assessed based on DNA-normalized activity, because the residual ECM proteins remaining after collagenase digest confounded the measurements on total cellular protein. No significant activity was detected on either substrate at day zero. GPDH activity (in mU/µg-DNA) significantly increased to similar extents on both collagen and TCP between days 4 and 8. By day 12, GPDH activity was almost 3-fold greater on collagen. Significant amounts of leptin were not detected in the medium samples of neither collagen nor TCP culture until day 8. Leptin secretion (in pg/µg-DNA/2-days) peaked before day 12 for cells on TCP, but continued to increase on collagen. At day 12, leptin secretion by cells on collagen was ca. 3-fold greater compared to the cells on TCP.
Metabolite uptake and output -We examined the rates of uptake, output or accumulation of 26 primary metabolites to broadly sample the activities of major metabolic pathways in adipocytes. Figure 3 shows the time profiles of selected lipid and carbohydrate metabolites that accounted for the bulk of the total carbon flux. Consistent with the morphological changes (Figure 1 ), intracellular TG was first detected at day 4, and rapidly increased thereafter ( Figure 3B ). The increase was more rapid in cells on collagen; at day 8, there was a 34% difference in TG content (in mmol/g-DNA), which grew to 43% at day 12. A similar trend was observed for intracellular FFAs, with concentrations in the collagen cultures 60 and 62% larger compared to TCP at days 8 and 12, respectively ( Figure 3C ).
The main carbon source for de novo lipid synthesis was medium glucose, because FFA was not added to the culture medium. For both collagen and TCP cultures, glucose consumption (in mmol/g-DNA/2-days) increased through the first 8 days, but declined thereafter ( Figure 3D ). The collagen cultures consumed more glucose at all times, with differences ranging from 27% at day 4 to 109% at day 12. The lactate output profile mirrored the glucose consumption profile. Peak output was observed at day 8, with steep declines thereafter for both TCP and collagen cultures ( Figure 3E ). Lactate output (in mmol/g-DNA/2-days) was greater for the collagen cultures with differences ranging from 14% at day 4 to 150% at day 12. The molar ratio of lactate output to glucose uptake declined throughout the study period for both cultures, from 2.4 (TCP) and 1.5 (collagen) on day 0 to 0.5 (TCP) and 0.6 (collagen) on day 16 ( Figure 3F ). A significant increase in glycerol output (a measure of lipolysis) was observed for both cultures by day 4 ( Figure 3G ). Similar to the other metabolites, the collagen cultures exhibited a higher rate of output throughout the study period, albeit with a delayed peak time (day 12) compared to TCP (day 8).
Amino acids were generally utilized to smaller extents compared to the above lipid and carbohydrates. The rates of output or uptake of most amino acids were on the order of a few mmol/g-DNA/2-days, and remained relatively stable over the duration of the study period. One exception was glutamine (GLN), whose output rate (in mmol/g-DNA/2-days) increased significantly from -4.3 and 11.3 at day 4 to 29 and 48 at day 8, respectively, for the TCP and collagen cultures. The output of alanine (ALA) decreased significantly from 15 and 25 at day 4 to 6.6 and 12 at day 8 ( Figure 3H ). The largest uptake rates were observed for the branched chain amino acids (BCAAs) and serine, a glucogenic amino acid (Table S2) .
Flux profiles -The significant increase in per well DNA content during days 0 and 4 indicated that the cultures initially consisted mainly of preadipocytes, because terminally differentiated adipocytes are thought to be incapable of cell division. Our stoichiometric model was developed for adipocytes, thus MFA was applied to the metabolite data of days 4, 8, 12, and 16 postinduction. Complete results of the flux calculation can be found in Table S3 . To obtain an overview, we first performed a series of statistical comparisons between the flux profiles of the collagen and TCP cultures at various times using ANOVA. These comparisons were performed with and without normalization by the glucose flux, which was the main carbon source, to determine whether differences between the two culture substrates represented a general upregulation of metabolic activity or re-distribution of the carbon fluxes or both. For all time points, the number of significantly different reaction fluxes were decreased by the normalization ( Table  1 ), suggesting that the flux differences between the two substrate groups likely reflected an overall up-regulation of metabolic activity on the collagen gel compared to TCP. Motivated by these observations, the remainder of this section focuses on the flux distribution changes in adipocytes growing on TCP ( Figure 4) . As suggested by the glucose uptake profile, flux through glycolysis first increased significantly 1.5-fold from day 4 to 8, and then decreased 1.6-fold from day 8 to 12. Flux through the PPP increased from zero to 88 mmol/g-DNA/2-days between days 4 and 8, and leveled off thereafter. Consistent with these changes, our model calculated a steady decrease in flux through the reactions of glycolysis from day 8 to day 12. Taken together with a large decrease in lactate dehydrogenase flux, our calculations pointed to a shift in glucose utilization away from glycolysis to lipogenesis and the TCA cycle.
The pyruvate (PYR) flux entering the mitochondria more than doubled from day 4 to 8, after which it dipped by 16%. Within the mitochondria, PYR can enter the TCA cycle either as acetylCoA (ACC) via condensation with oxaloacetate (OAA), or as OAA via a carboxylation reaction. From day 4 to 8, the condensation and carboxyation reactions increased 2-and 7-fold, respectively. Increased PYR flux entering TCA cycle from day 4 to day 8 was correlated with a 9-fold increase of flux transporting citrate from the mitochondria into the cytosol. As a result, the net carbon flux leading to the formation of mitochondrial reducing co-factors NADH and FADH 2 stayed relatively unchanged. Flux through oxidative phosphorylation also remained stable, as did the predicted O 2 uptake rate. Significant changes were calculated for CO 2 output, which first increased 1.6-fold from day 4 to 8, and then decreased 1.3-fold from day 8 to 12.
In the cytosol, citrate is cleaved to regenerate ACC, an important substrate for fatty acids synthesis. The flux leading to ACC formation increased 12-fold from day 4 to 8, and leveled off thereafter. Malic enzyme and cytosolic isocitrate dehydrogenase (IDHc) generate NADPH, an important cofactor for fatty acids synthesis. From day 4 to 8, fluxes through malic enzyme and IDHc significantly increased 3-and 5-fold, respectively. Phosphoenolpyruvate carboxykinase (PEPCK) catalyzes the conversion of cytosolic OAA into phosphoenolpyruvate, a key step in glycerogenesis. Flux through PEPCK increased 12-fold from day 4 to 8, and leveled off thereafter.
Significant changes for the reaction fluxes around TG were estimated mainly for the period between days 4 and 8. During this time, fluxes through fatty acid synthesis, TG synthesis, and lipolysis were all up-regulated. Fatty acid synthesis increased nearly 12-fold, whereas TG synthesis and lipolysis both increased 3-to 4-fold. The rate of TG accumulation, calculated as the net difference between lipogenesis and lipolysis, increased 13-fold. In adipocytes, where NADPH is mainly used for de novo fatty acid synthesis, the cofactor can be supplied by way of the PPP, the malate cycle or IDHc. The PPP was inactive early on (day 4), but supplied the majority (60 %) of NADPH for de novo fatty acid synthesis by day 8.
Amino acid fluxes were considered by grouping them according to their points of contact with the TCA cycle and glycerogenesis. Overall, amino acids were not significantly metabolized, and we mention here only those whose flux profiles exhibited significant changes over time. The conversion of PYR into ALA decreased significantly from 15 (mmol/g-DNA/2-days) at day 4 to 6.6 at day 8, contributing to the relative increase in PYR flux into the TCA cycle. Glutamate (GLU) uptake and histidine conversion into GLU both increased significantly 5-to 6-fold from day 4 to 8, while the conversion of GLU into 2-oxoglutarate and proline both decreased. The net effect was to provide additional substrates for GLN synthesis. The BCAAs isoleucine and valine enter the TCA cycle by donating their carbon moieties to succinyl-CoA. These fluxes increased significantly (1.6-and 1.7-fold, respectively) from day 4 to 8, but decreased thereafter. A similar profile was observed for leucine, another BCAA, whose deamination products become ACC and acetoacetyl-CoA.
Modularity -To explore how the flux distribution changes correlated with coordinated activity adjustments of the major pathways, we examined the functional organization of the adipocyte metabolic network by applying our partition algorithm. This approach to grouping metabolic reactions is fundamentally different from both purely topological as well as correlation analyses (e.g. clustering), because significant groupings are considered only if the components are directly connected to each other via enzymatic reactions and if these enzymes are highly active. Our algorithm found three types of modularity patterns corresponding to the different stages of adipogenesis: newly differentiating (day 4), maturing (day 8), and fully differentiated adipocyte (days 12 and 16; the modules for day 12 and 16 were identical). The day 4 partition consisted of three sub-graphs, or 'modules' ( Figure 5A ). The largest sub-graph encompassed the metabolites of TCA cycle, malate cycle, glycolysis, and the PPP. The two smaller sub-graphs each included amino acids and their catabolic products, where the smallest involved the ketone body metabolism intermediates and the other involved entry points into the TCA cycle. For day 8, only one module was identified, essentially consisting of all major pathways needed for lipogenesis ( Figure 5B ). This module was similar to that found for days 12 and 16 ( Figure 5C ), except that segments of the malate cycle were disconnected. The addition of a complete malate cycle at days 12 and 16 likely indicate a greater demand for NADPH, and is consistent with the continued increase in lipid loading through day 16 observed in this study (Figures 1 and 3B) as well as earlier observations that the malate cycle quantitatively contributes to the pool of reducing equivalents required for lipid biosynthesis in mature adipocytes (13, 31, 52). The overall trend from day 4 to 16 was for the various pathways to coalesce into a single module whose main biochemical function was to convert input (glucose) into TG.
Discussion
Previous work on gene expression (40), differentiation kinetic (38) and cell aging (25) indicated that biochemical changes occur throughout the life cycle of the adipocyte. Here, we extend on these studies to show that adipogenesis involves significant, sequential alterations to the distribution of reaction fluxes around several of the major intermediates of adipocyte primary metabolism. Results of our modularity analysis suggest that these flux adjustments reflect a restructuring of the metabolic network's functional layout. These observations underscore the dynamic character of adipocyte growth, which is not explained by a uniform activation of lipogenic reactions. In this discussion, we present evidences collected from the literature that support the flux estimates of this study, point out the possible limitations of our current model, and highlight the potential impact of PYR reaction fluxes on adipocyte lipid accumulation.
Incorporating free energy directionality constraints into an optimization-based framework for MFA, we obtained robust estimates of all intracellular reaction fluxes in our model, including the inter-compartmental exchange fluxes between mitochondria and cytosol. As a summary assessment, we compared carbon distributions derived from the flux estimates against published data, and found generally good agreement (Table 2) . Quantitative agreement with literature data was also found for the calculated fluxes of several pathways whose intermediates were not directly measured in this study. For example, our model indicated that the PPP supplies 60% of the NADPH needed for fatty acid synthesis in mature adipocytes, which is in excellent agreement with the results of isotopic tracer studies (14, 22, 24) . A current estimate (46) for the oxygen uptake rate of day 14 post induction 3T3-L1 cells is 2.9 nmol/min per 4×10 5 cells, or 1147 mmol/g-DNA/2-days (assuming a conversion factor of 18.2 pg-DNA/cell, unpublished observation), which is quantitatively similar to the rates calculated in this study (626 and 801 mmol/g-DNA/2-days, respectively, for TCP and collagen cultures at day 16).
We have also examined the predicted timing of flux changes in the context of previously described gene activation/repression profiles of in vitro adipogenesis. According to the model calculations, ACC flux as well as de novo formation of fatty acids both increase significantly from day 4 to 8, consistent with a previous report on the activation time profile of ATP-citrate lyase, ACC carboxylase and fatty acid synthetase (30). Fatty acid synthesis depends on the availability of cytosolic NADPH, which is supplied primarily through glucose-6-phosphate dehydrogenase (G6PDH), malic enzyme and cytosolic IDHc (26, 44). Transcriptional profiling experiment (40) has shown that G6PDH expression is nearly undetectable until day 4, after which time it sharply increases and then levels off, which was also described by the MFA results obtained here. The flux time profiles also correctly predicted increases in the activities of the malice enzyme (15) and IDHc (26) between days 4 and 8 following adipogenic induction. Runoff assays on nuclei isolated from 3T3-F442A cells (10) showed that the transcription of the glycerogenesis enzyme PEPCK is a differentiation-dependent event. Consistent with this observation, our model results indicated a sharp (12-fold) increase in PEPCK flux between days 4 and 8 (Table S3a , reaction no. 21), which also coincided with significant induction of other differentiation markers (Figure 2) . A similar activation was also predicted for a regulated TCA cycle enzyme, pyruvate dehydrogenase (PDH, Table S3a , reaction no. 10), which has been shown to be significantly induced in 3T3-L1 cells upon treatment with a differentiation cocktail (18) .
The MFA results pointed to a strong correlation between the redistribution of reaction fluxes around the PYR node and induction of lipogenic activity, even though the PYR reactions did not share direct stoichiometric links with lipogenesis. Between days 8 and 12, a stable rate of TG synthesis was maintained essentially unchanged despite a 40% drop in glucose uptake. During this time, fluxes through the PPP and PDH remained statistically unchanged, but lactate production decreased by 60%. Overall, the flux ratio of lactate output to glucose uptake decreased continuously throughout the 16 day study period (Figure 3F ), indicating a shift in carbon utilization from lactate fermentation to aerobic respiration. Interestingly, clinical studies have shown that the lactate output of white adipocytes isolated from human subjects correlates negatively with the subject's body mass index (BMI) (r = -0.52) (2) . As BMI correlates with obesity, which in turn is associated with increased numbers of hypertrophic adipocytes, these findings suggest a link between decreased anaerobic metabolism and de novo fat cell formation.
A second aim of this study was to characterize the effects of the culture substrate on adipocyte differentiation and metabolism. Our results pointed to a trade-off between differentiation and proliferation. The collagen gel cultures exhibited higher GPDH activity, leptin synthesis, and TG accumulation on a per cell basis, but achieved lower cell densities. A similar result was reported by Yonemitsu et al. (49), who use a "ceiling culture" system to show that stromal cells isolated from subcutaneous fat of newborn rats differentiated to a significantly greater extent on type I collagen gel compared to TCP. One possible explanation for this phenomenon involves biophysical stimulation of mitogenic signaling pathways. Preadipocytes attached to the collagen gel deform from a flat to a spindle-like shape, which could in turn modify the MAPK pathway such that differentiation is promoted and proliferation suppressed (3) . A modification of the MAPK pathway could also affect TG hydrolysis, and therefore net lipid accumulation, as the activity of hormone-sensitive lipase (HSL) is influenced by the phosphorylation states of extracellular signal-regulated kinases 1 and 2 (7). A different observation was described by Shuler and co-workers (45), who found that Matrigel (a mixture including laminin, type IV collagen, and heparan sulfate) enhanced both proliferation and differentiation of 3T3-F442A preadipocytes compared to type I collagen and poly-D-lysine. One possible reason for this discrepancy is that the Matrigel results were based on an evaluation of adipogenesis using the Oil Red O stain, and did not involve a normalization of the accumulated lipid with respect to cell number.
One limitation of the current flux model is that it does not carry a full balance on ATP. As the "energy currency" of the cell, ATP provides a direct stoichiometric link between the reactions of energy metabolism and various cellular functions (5) . Therefore, future work will incorporate additional ATP consumption reactions, e.g. biosynthesis of macromolecules, which should further improve the accuracy and predictive capacity of our model, especially with respect to the estimation of fluxes in and around oxidative phosphorylation. Future work will also include tracer experiments whereby the literature-based model assumptions, e.g. lowoxidation activity (47), can be directly tested.
In conclusion, we found that the combination of metabolite measurements and MFA provide an efficient approach for characterizing the metabolic profile of de novo adipocyte formation. Our results predicted a global distribution of carbon flux that was consistent with reported values obtained using isotopic tracers, which are considered to be accurate, but experimentally much more costly. The flux distribution profiles obtained in this study clearly demonstrate that adipocytes exhibit distinct metabolic phenotypes depending on their stage of development, which could have significant implications for both basic and applied studies involving adipogenesis. For example, pharmacological agents designed to inhibit lipid loading will likely achieve differential results in fully mature and newly differentiated adipocytes, as these cells differ significantly in the relative engagements of lipogenic reactions. In this light, a better understanding of these metabolic phenotype differences could aid in the development of obesity intervention strategies (possibly involving multiple agents) that target a selected sub-population of adipocytes in the WAT. Our findings, which reflect a comprehensive analysis of the changing flux distributions in differentiating and lipid loading adipocytes, pointed to the reactions of pyruvate transport and/or oxidation as key steps that contribute to the lipogenic phenotype of mature adipocytes. Results from the modularity analysis suggest that the malate cycle is another key pathway. Whether these reaction fluxes can be modulated to specifically control adipocyte differentiation or lipid loading remains to be explored. Prospectively, genes or enzymes for these reactions could provide new molecular targets to develop strategies for pharmacological or nutritional management of obesity. Table II Table I of the cited reference). Table S2 . Amino Acid Uptake and Output of (a) TCP and (b) Collagen Gel Cultures. All units are in mmol/g-DNA/2 days. Data shown are means ± SD (n = 6). Lower-case letters denote statistical significance: a, significantly different from day 4 of the same substrate; b, significantly different from day 8 of the same substrate; c, significantly different from day 12 of the same substrate; d, significantly different from TCP on the same day. Table. S3. Metabolic Flux Profile of (a) TCP and (b) Collagen Gel Cultures. All units are in mmol/g-DNA/2 days. Data shown are means ± SD (n = 6). Lower-case letters denote statistical significance as in Table S2 . Table S1 . Reaction Stoichiometry of Model Adipocyte Network
Supplemental Table Legends

NO. PATHWAY STOICHIOMETRY 1 Glycolysis
Glucose + ATP = Glucose 6-P + ADP 2 Glycolysis Glucose 6-P = Fructose 6-P 3 Glycolysis
Fructose 6-P + ATP = Glyceraldehyde 3-P + Glycerone-P + ADP 4 Glycolysis
Glycerone-P = Glyceraldehyde 3-P 5 Glycolysis Glyceraldehyde 3-P + NAD+ + ADP + Pi = P-Enolpyruvate + ATP + H2O 6 Glycolysis P-Enolpyruvate + ADP + H+ = Pyruvate + ATP 7 Glycolysis
Pyruvate + NADH + H+ = Lactate + NAD+ 8 Pentose phosphate pathway 
